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This is the first study of antioxidants and oxidative-damage-
related parameters in epidermis and dermis of the skin as a 
function of age. The four major antioxidant enzymes (cata-
lase, superoxide dismutase, glutathione reductase, and gluta-
thione peroxidase), hydrophilic and lipophilic antioxidants, 
and lipid hydroperoxides were assayed in both epidermis and 
dermis of young and old hairless mice. Catalase, superoxide 
dismutase, and glutathione reductase had similar activity 
levels in young and old animals. Only glutathione peroxidase 
from epidermis showed an activity decrease due to age. This 
decrease became apparent when enzyme activity was ex-
pressed per mg of total cellular protein. Hydrophilic and 
O f the many different hypotheses to explain the basic causes of aging, the free-radical theory [1) is receiv-ing particular attention. In the case of the skin, this theory is especially interesting because skin is con-tinuously exposed to many hazardous environmen-
tal agents, including ultraviolet and visible radiation and pro-oxi-
dant chemicals like ozone, which have been recognized as sources of 
free radicals [2 - 4]. Under some conditions, such as inflammation or 
ischemia, endogenous production of free radicals can also become 
significant [5]. These reactive oxygen species are known to be in-
volved in many inflammatory skin disorders, tumor promotion and 
cancers, cutaneous autoimmune diseases, phototoxicity, photosen-
sitivity, and skin aging. 
Many of the reports dealing with the free-radical theory of aging 
have focused on the possibility that tissue antioxidant capacity de-
creases as a function of age. Nevertheless, many of these studies have 
yielded contradictory results concerning oxygen free-radical-
related parameters in various organs, species, and cell lines [6-10]. 
In any case, a decrease in antioxidant capacity in old age would 
neither prove nor contradict the free-radical theory of aging; it 
would only show that the aging rate accelerates in old animals. The 
main pro.p osal of the theory is that antioxidant capacity cannot be 
100% effective. Thus, the continuous presence of low concentra-
tions of free radicals in the tissues of both young and old animals 
could be a determining factor of aging, a clearly progressive phe-
nomenon. It should be noted that some of the discrepancies ob-
served could be due to differences in methodology among laborato-
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lipophilic antioxidants did not change as a function of age, 
nor did lipid hydroperoxide levels. Both the absolute level of 
oxidized glutathione and the ratio of oxidized to reduced 
glutathione were higher in dermis from old mice. These 
results suggest that skin aging is not accelerated in old age due 
to a general decrease in the antioxidant capacity of the tissue. 
The data are compatible, however, with the idea that contin-
uous damage to skin tissue by free radicals occurs throughout 
an organism'S lifetime because scavenging cannot be 100% 
efficient. Key words: aging/free radicals/lipid hydroperoxides/ 
hairless mouse.] Invest DermatoI102:476-480, 1994 
ries, and especially to the fact that the majority of the studies were 
not comprehensive and only a few free-radical- related parameters 
were simultaneously analyzed. The measurement of a limited num-
ber of free-radical parameters in a tissue can lead to inconclusive 
results due to the previously described compensatory homeostasis 
that takes place among the various cellular antioxidants [11-13]. 
Previous studies have analyzed basal levels of various antioxidants 
and sensitive markers of oxidative damage in epidermis and dermis 
[14], but changes in these parameters as a function of age have never 
been described before. In the present study we have therefore exam-
ined the effect of aging on all of the major antioxidant compounds 
in epidermis and dermis; the four principal antioxidant enzymes-
superoxide dis mutase (SOD), catalase (CAT), glutathione peroxi-
dase (GPx), and glutathione reductase (GR); hydrophilic antioxi-
dants, including glutathione (GSH) and ascorbate; and lipophilic 
antioxidants, including a-tocopherol and ubiquinol. We have also 
studied the level of lipid hydroperoxides, a sensitive marker of oxi-
dative damage, in epidermis and dermis in relation to age. Such an 
integrated, comprehensive approach is necessary because the cuta-
neous antioxidant system is complex and antioxidants are intimately 
interlinked. For example, ascorbate can regenerate tocopherol from 
the tocopheroxyl radical [15,16], and such regeneration may occur 
in skin [17]. The resulting ascorbyl radical can then itself be con-
verted to ascorbate by reduced glutathione [18] . Thus, a reason to 
analyze not only the various antioxidants but also the changes in 
their redox status is that a perturbation of one part of the system 
affects the entire system. The lack of data on free-radical-related 
changes in skin during aging, the occurrence of important age-re-
lated changes in skin, and the direct and constant exposure of skin to 
solar radiation, ozone, and other air pollutants prompted us to per-
form this study. 
MATERIALS AND METHODS 
Animals and Tissue Preparation Female hairless mice (Simonsen, 
strain Sim HRS/hr hr BR) aged 10 weeks (young) and 63 weeks (old) were 
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used. They were maintained at 22 ± 2· C with a 12: 12 (light: dark) photo-
period and food and water ad libitlllll . 
Mice were killed by cervical dislocation, and skin was immediately re-
moved. After adherent subcutis was eliminated, the whole skin was placed 
w ith the dermis side down on a petri dish and heated at 55 · C for 30 seconds. 
Epidermis and dermis were then gently separated. wi~h a.scalpel. Epidermis 
and dermis were frozen separately and stored m hqUid I11trogen for up to 2 
weeks before analysis. 
In previous studies we. v~rified that these conditions did ~ot change either 
antioxidant enzyme activities or the concentration or OXidation status of 
antioxidants such as glutathione, ascorbate, a-tocopherol, and ubiquinols 
[14]. 
Chemicals 5,5'-dithiobis-2-nitrobenzoic acid (DTNB), reduced nicotin-
amide adenine dinucleotide phosphate (NADPH), oxidized (GSSG) and 
reduced (GSH) glutathione, ferricytochrome c, hydrogen peroxide, xan-
thine, butylated hydroxy toluene (BHT), deferoxamine mesylate, DL-al-
phatocopherol, ubiquinone 9, ascorbic aci?, uric acid , buttermilk xanthine 
oxidase, yeast glutathIOne reductase, 6-ammo-2,3-dlhydro-l,4-phthalazm-
edione, microperoxide. and triphenyl phosphine were purchased from 
Sigma Chemical Co. (St. Louis. MO). 2-vinylpyridine and 2.3-dimercapto-
I-propanol were purchased from Aldrich Fine Chemicals (Milwaukee. WI). 
Antioxidant Enzyme Assays Each sample of epidermis and chopped 
dermis was homogenized in tissue buffer (sodium chloride 130 mM, glucose 
5 roM, disodium ethylene diamine tetraacetic acid [EDTA)1 roM. sodium 
phosphate 10 roM. pH 7.0). 0.75 - 1.5 mi. with a T eflon homogenizer ro-
tated by an electric drill at maximum speed for 2 min and centrifuged with a 
benchtop Eppendorf centrifuge Model 5415 at 10,000 X g for 10 min. The 
supernatants were kept on ice ~nd used ~or enzyme ~ssays and protein deter-
mination. In prevIOus studies It was venfied that tlllS techl11que produced a 
sup ernatant that conta,ined all the enzyme activ~ti.es. Neither treatment with 
triton-X-I00 nor SOl11catlOn released more activity. 
The activities of catalase (19), superoxide dismutase [20). glutathione 
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Figure 1. Epidermal (aJ and dermal (bJ antioxidant enzyme activities per g 
of skin in young and old hairless mice. Values are given as percent of the 
activ ity found in young animals. Activities in young mice (U/g tissue): 
695.2 ± 39.2 (epidermis) and 861.5 ± 86.8 (dermis) [SOD], 1636.5 ± 76.3 
(epidermis) and 695.4 ± 33.7 (dermis) [CAT], 1.72 ± 0.02 (epidermis) and 
1.04 ± 0.02 (dermis) [GR] , 2.01 ± 0.05 (epidermis) and 0.96 ± 0.03 
(dermis) [GPx). Data are mean ± SEM. n = 6. 
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peroxidase [21]. and glutathione reductase [22] were assayed spectrophoto-
metrically on a Shimazu UV 160 U Spectrophotometer according to the 
procedures described in the cited references. One enzyme uni t is equivalent 
to 1 ,umole of product formation or 1 ,umole of substrate disappearance per 
min under the defined conditions. except for superoxide dismutase. In the 
case of SOD. the amount of SOD inhibiting the cytochrome c reduction rate 
by 50% under the given assay conditions is defined as 1 unit. All enzyme 
activities were Ineasured at 30· C. Protein concentration was determined by 
the Bio-Rad DC protein assay. 
Antioxidant Assays a-tocopherol, ubiquinol 9. and ubiquinone 9 con-
centrations were analyzed simultaneously by high-performance liquid chro-
matography (HPLC) as described by Lang el al [23): in-line electrochemical 
detection was used for tocopherol and ubiquinol 9. and ultraviolet (UV) 
detection was used for ubiquinone 9. Alcohol reagent and hexane were used 
for the extraction. Samples were redissolved in methanol : ethanol (70: 30). 
Ethanol: methanol: LiCI04 was used as the mobile phase. 
Glutathione Was measured by the DTNB-glutathione reductase recycl ing 
assay (24). Tissue samples were homogenized in ice-cold 3.3% sulfosalicylic 
acid, S roM EDT A. and 1.5 roM BHT. This solution had been previously 
deoxygenated by bubbling with argon gas. a procedure that greatly decreases 
GSH autoxidation prior to derivatization and therefore prevents artifactual 
decreases of GSl-l during manipulation of the samples. Samples were ho-
mogenized with a. T eflon homogenizer at maximum speed for 1 min and 
immediately centrifuged at 3,000 X g for 10 min. Then 1 ml of the super-
natant was added to 0.6 ml of2 M sodium citrate (pH 5.5) and the mixture 
was used to assay total glutathione (GSH + GSSG). By adjusting the pH in 
this manner. local areas of high pH. in which GSH oxidation might occur, 
were avoided. FOr the GSSG assay. 10 iii of 2-vinylpyridine were added to 
500 ,Ill of the abo",/: solution. The mixture was incubated for 1 h to derivatize 
the reduced GSl-l, thereby rendering it inactive in the assay (25). Total 
glutathione and GSSG were assayed by the method of Tietze (26); change in 
absorbance was ll:lOnitored at 412 nm. 
Ascorbic acid (ASC) and dehydroascorbic (DHA) were measured by 
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Figure 2. Epidermal (aJ and dermal (b) antioxidant enzyme activities per 
mg of protein in yotJng and old hairless mice. Values are given as percent of 
the activity found i ll young animals. Activities in young mice (U/mg prot): 
15.0 ± 0.7 (epidertrJ is) and 31.7 ± 2.1 (dermis) [SOD). 35.2 ± 1.2 (epider-
mis) and 24.8 ± 1.2 (dermis) [CAT]. 0.04 ± 0.001 (epidermis) and 0.04 ± 
0.001 (dermis) [GltJ. 0.04 ± 0.001 (epidermis) and 0.03 ± 0.001 (dennis) 
[GPx). Data are Ine:ln ± SEM. n = 6 .••• p < 0.001 . 
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Table I. Concentrations of Hydrophilic Antioxidants in Epidermis and Dermis of Aging Mouse· 
Epidermis Dermis 
Antioxidants (nmoljg skin) 
Ascorbic acid 
Dehydroascorbic acid 
Total (ascorbic acid + dehydroascorbic acid) 
% as dehydroascorbic acid 
Reduced glutathione 
Oxidized glutathione 
T otal (reduced + oxidized glutathione) 
GSSG/GSH (%) 
Uric acid 
If D ata are mean ± SO, n = 4. 
' p < 0.05. 
Young 
1051 ± 72 
464 ± 317 
1515 ± 378 
28.5 ± 12.4 
901 ± 83 
37.9 ± 29.2 
939 ± 81.3 
4.2 ± 3.6 
147 ± 5.0 
HPLC with electrochemical detection [27J. Forty millimoles Na-Acetate, 
0.54 mM EDTA, 7.5% methanol, and 1.5 mM Q 12, pH 4.75, was used as 
the mobile phase. Samples were homogenized with a Teflon homogenizer at 
maximum speed for 2 min in ice-cold 90% methanol , 1 mM EDT A, 50 J.lM 
deferoxamine mesylate, and 1.5 mM BHT solution bubbled with argon gas. 
After centrifugation at 3000 X g for 3 min, a 20-J.l1 sample of supernatant 
was immediately analyzed by HPLC for ascorbic acid. Simultaneously, uric 
acid was detected in the same column. For dehydroascorbic acid, a sample of 
supernatant was incubated in the dark at room temperature for 10 min with 
an equal volume of 10 mM 2,3-dimercapto-1-propanol. After incubation 
the solution was extracted three times with three volumes of water-saturated 
ethyl ether. After extraction, samples were purged with nitrogen for 2 min 
and then immediately analyzed by HPLC for total ascorbic acid. Dehydro-
ascorbic acid was calculated as total ascorbic acid minus reduced ascorbic 
acid. Ascorbic acid (2 J.lM) and uric acid (2 J.lM) standards were freshly pre-
pared for each day's assay. The concentration of the ascorbic acid standard 
was determined spectrophotometrically using an extinction coefficient at 
265 nm of 14,500 M- 'cm-' . 
Lipid Peroxidation Lipid hydro~eroxides were separated by HPLC and 
detected by chemiluminescence 128J. The mobile phase was metha-
nol : tertbutanol (80 : 20) pumped at 1 ml/min. The reaction solution for the 
postcolumn assay contained microperoxidase (10 mg/I) and isoluminol 
(177.2 mg/I) in methanol : 100 mM sodium borate buffer, pH 10 (70: 30), 
and was pumped at a flow rate of 1.5 ml/min. All solutions were kept in 
brown bottles to minimize light-induced generation of chemiluminescence-
producing material. A fluorometer with the excitation source turned off was 
used as a photon detector. 
T his assay measures the hydroperoxy groups themselves and not such 
indirect indices of lipid peroxidation as conjugated dienes or breakdown 
products of lipid hydroperoxides. The sensitivity of the assay is on the 
picomole level. Chemiluminescence also detects ubiquinols. To confirm 
that any chemiluminescence observed in this assay was due to a hydroperox-
ide, not a hydroquinone, some samples were reduced with triphenyl phos-
phine and rerun. Because the chemiluminescence response of hydroperox-
ides, but not of hydroquinones, is eliminated by triphenyl phosphine, the 
disappearance of chemiluminescence peaks in the treated samples indicated 
that chemiluminescence observed in this assay was due to hydroperoxides 
and not hydroquinones. 
Statistical Analyses Data were analyzed by Student t tests. The 0.05 level 
was selected as the point of minimal acceptable statistical significance. 
Old 
1077 ± 27 
624 ± 212 
1701 ± 105 
36.2 ± 10.4 
975 ± 200 
55.6 ± 29 .1 
1019 ± 189 
6.0 ± 4.4 
190 ± 45 
Young 
955 ± 32 
618 ± 137 
1573 ± 117 
38.9 ± 6.1 
760 ± 69 
82.3 ± 15.5 
843 ± 82.7 
11.0 ± 1.0 
75 ± 9 
RESULTS 
Old 
939 ± 95 
480 ± 142 
1419 ± 223 
33.2 ± 5.2 
798 ± 156 
118.8 ± 9.0' 
917 ± 157.5 
15.0 ± 3.0' 
113 ± 23 
Antioxidant Enzymes When activities were expressed per 
gram of skin, no significant age-related variations were found for 
any of the four antioxidant enzymes analyzed; activity levels of 
CAT, SOD, GPx, and GR did not change in epidermis or dermis 
due to age (Fig 1). However, when the activities were expressed per 
mg of protein, a decrease in GPx activity was detected in the epider-
mis of old mice (Fig 2). 
Hydrophilic Antioxidants N either the concentration of ASC, 
DHA, or total ascorbate, nor the percent ascorbate present as DHA 
differed between young and old animals in either epidermis or 
dermis (Table I). 
In the case of the glutathione system, the concentration of neither 
total nor reduced glutathione changed as a function of age. The 
levels of GSSG and the ratio of GSSG /GSH, however, were signifi-
cantly higher in old dermis, although this was not true for epider-
mis (Table I). For uric acid, no changes due to age were observed 
(Table I) . 
Lipophilic Antioxidants No changes due to age were observed 
for any of the lipophilic antioxidants analyzed. All of the 
parameters-ex-tocopherol , ubiquinol9 , ubiquinone 9, total Q , and 
percent Q present as ubiquinone 9 -showed similar levels in young 
and old animals, and this w as true for both epidermis and dermis 
(Table II) . 
Lipid Hydroperoxides Lipid hydroperoxide concentrations 
were not significantly different in epidermis and dermis when we 
compared values from young and old mice (Fig 3). 
DISCUSSION 
The results obtained in this study indicate that neither epidermis nor 
dermiS undergoes a global decrease in antioxidant capacity with age. 
Only glutathione peroxidase activity in epidermis, expressed per 
mg of protein, decreased in old animals. No previous data on the 
effect of aging in epidermal and dermal antioxidant enzymes have 
been reported, but researchers using fibroblas ts in culture at various 
population-doubling levels found that SOD and CAT activities did 
not change through the cell doublings [29] and that GPx decreased 
Table II. Concentrations of Lipephilic Antioxidants in Epidermis and Dermis of Aging Mouse· 
Epidermis Dermis 




T otal (ubiquinol + ubiquinone) 
% as ubiquinone 9 
• Data are mean ± SD. n = 6. 
Young 
4.84 ± 0.56 
1.81 ± 0.71 
5.98 ± 1.29 
7.80 ± 1.65 
76.9 ± 7.60 
Old 
4.25 ± 0.60 
1.62 ± 0.47 
7.17 ± 1.50 
8.79 ± 1.88 
81.6 ± 2.60 
Young 
3.40 ± 0.73 
1.79 ± 0.73 
3.45 ± 1.22 
5.22 ± 1.80 
65.3 ± 8.90 
Old 
3.42 ± 0.44 
2.49 ± 0.54 
4.52 ± 1.00 
7.01 ± 1.04 
64.10 ± 7.90 
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Figure 3. Lipid hydroperoxide levels in epidermis and dermis from young 
and old hairless mice. Data are mean ± SEM, n = 6. 
only in the early stages of cell culture [30] . Other authors t10], 
comparing skll1 fibroblasts derived from old people to those denved 
fro m young people, described remarkable decreases of CAT activity 
w ith aging, whereas SOD and GR did not change and GPx activity 
was slightly enhanced. 
Data on various mammalian tissues have come, in the majority of 
cases, from studies where a comprehensive approach was not used. 
Not surprisingly, many contradictory results have been reported. 
Even though in Musca dom estica flies it has unequivocally been 
shown that antioxidants decrease and GSSG and TBARS levels 
increase with age [31], the situation in mammals is far from clear [6] . 
Decreases of glutathione peroxidase activity similar to those we saw 
have been described in lung [32,33] and liver tissue [34,35] from old 
rats and mice. But other studies showed an absence of changes 
[36 - 38], or even activity increases [38 -40], with age. The same is 
true both for other antioxidant enzymes (including SOD, CAT, and 
GR) and for antioxidants (including GSH and ascorbate) in various 
tissues, not only in rodents but also in other vertebrate species. 
Increases [38] , decreases [33,34], and no change [41 ,42] in SOD 
activity with age in liver and lung have all been reported in the 
literature . Both a decrease in GSH and an increase in GSSG and 
GSSG/GSH have been reported in the brain and liver of old rats 
[43], whereas other authors claimed a lack of changes with age in 
the lung, brain , and liver [33,44-47]. In the only previous report, 
no changes in ascorbate concentration during aging were described 
[48], in contrast to the diet-derived vitamin E accumulation in tis-
sues as a function of age [49,50]. To summarize, it could be said in 
spite of all these contradictory results that a majority of reports have 
demonstrated a lack of changes in free-radical - related parameters 
during aging in vertebrates. Thus, SOD [6,7,9,34,36,38,41 ,44,48], 
CAT [36,38,42,48]' GPx [6,36,48], GR [13,48]' GSH [6,45,47], 
GSSG/GSH [6,33], ascorbate [48], and TBARS [6,33,36] did not 
change in old age. 
The above-mentioned studies do not suggest a consistent pattern 
of change for either antioxidants or oxidative-damage-related pa-
rameters with age . Some discrepancies could be the result of differ-
ences in the animal strain or methodology, and some reported de-
creases in antioxidant capacity could actually be due to suboptimal 
conditions in the long-term maintenance of the animals, not to real 
aging. It is important to note that most of the reports studied only a 
single or, at most, a few antioxidants, which complicates the inter-
pretation because compensation reactions are not taken into ac-
count. Moreover, even when decreases of a particular antioxidant 
are found, they are usually very small and their physiologic meaning 
is not evident. 
The results of this study indicate that aging skin retains a full 
complement of enzymic and non-enzymic antioxidant defenses, 
and that the rate of aging in old skin would not be expected to be 
accelerated in aging animals due to declining antioxidant defenses. 
W hereas the sample number for most values is six animals, coefn-
cients of variation are generally low (10 - 15%); thus, even modest 
changes would have been readily apparent in statistical analyses. No 
his tologic comparisons were done, and it is possible that water accu-
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mulation or inflammatory infiltrate might introduce artifact into 
values referenced to skin weight. It should be noted that both of 
these effects would cause an increase in weight but little or no 
increase in prote in. Enzyme activities were referenced to both wet 
weight and protein (Figs 1 and 2, respectively) and there was no 
significant difference between aged animals and young animals for 
any enzyme activity for either reference base except for glutathione 
peroxidase, which showed a decrease for aged mice when refer-
enced to protein, but not when referenced to wet weight Uust the 
opposite of wha t would be predicted if there were water accumula-
tion). The differences between reference bases are so slight that we 
feel it is safe to conclude that changes in hydration or inflammatory 
infiltrate are minor or nonexistent. The only indication of increased 
oxidant load in aging skin is a relatively modest increase in oxidized 
glutathione; because all otber antioxidant systems are unchanged in 
agin~ skin, and as lipid peroxidation does not appear increased, it is 
pOSSible that th.is effect on glutathione is either artifactual or a re-
flection of a relatively minor oxidant load that is absorbed by the 
antioxidant system without causing molecular damage. However, 
we have shown in previous studies that even single physiologic 
doses of, for example, ultraviolet light, can cause a dramatic loss of 
antio~idants and increased lipid peroxidation in epidermis and 
dermiS [14,5 1]. Hence, the data reported here are consistent with 
the hypothesis that skin aging or pathology is caused, at least in part, 
by an accumulation of free-radical damage. 
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